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Site-Specific Ribose Methylation of Preribosomal
RNA: A Novel Function for Small Nucleolar RNAs
Zsuzsanna Kiss-La´szlo´, Yves Henry, al., 1993; Lane et al., 1995). The importance of pre-
rRNA methylation in ribosome biogenesis is unclear.Jean-Pierre Bachellerie, Miche`le Caizergues-Ferrer,
In mammalian cells, inhibition of pre-rRNA methylationand Tama´s Kiss
greatly reduces (Swann et al., 1975; Wolf and Schles-Laboratoire de Biologie Mole´culaire Eucaryote du CNRS
singer, 1977; Caboche and Bachellerie, 1977) or com-Universite´ Paul Sabatier
pletely abolishes the efficiency of pre-rRNA processing31062 Toulouse Cedex
(Vaughan et al., 1967). Methylation of yeast nucleolarFrance
pre-rRNA, however, does not appear to be essential for
processing of yeast pre-rRNA (Tollervey et al., 1993).
Interestingly, yeast mutants that lack a conserved riboseSummary
methylation in the peptidyl transferase center of mito-
chondrial large rRNA (21S), are deficient in productionEukaryotic cells contain many fibrillarin-associated
of functional large ribosomal subunits (Sirum-Connollysmall nucleolar RNAs (snoRNAs) that possess long
and Mason, 1993).complementarities to mature rRNAs. Characterization
While little is known about the function of ribose-of 21 novel antisense snoRNAs from human cells fol-
methylated nucleotides, even less is known about thelowed by genetic depletion and reconstitution studies
generation of these modifications. Since no consensuson yeast U24 snoRNA provides evidence that this class
sequence motifs or local secondary structures can beof snoRNAs is required for site-specific 29-O-methyla-
identified around the 29-O-methylated nucleotides intion of preribosomal RNA (pre-rRNA). Antisense sno-
pre-rRNAs, the mechanism of the recognition of numer-RNAs function through direct base-pairing interac-
ous modification sites has been completely obscured.tions with pre-rRNA. The antisense element, together
Methyltransferase activities (2) have been partially char-with the D or D’ box of the snoRNA, provide the infor-
acterized and proposed to be involved in nucleolar pre-mation necessary to select the target nucleotide for
rRNA methylation (Long et al., 1983; Eichler et al., 1987;the methyltransfer reaction. The conclusion that sno-
Segal and Eichler, 1991; see also Discussion). Intrigu-RNAs function in covalent modification of the sugar
ingly, a temperature-sensitive mutation in the yeastmoietiesof ribonucleotides demonstrates that eukary-
NOP1 gene, which encodes the yeast equivalent of theotic small nuclear RNAs have a more versatile cellular
vertebrate nucleolar protein fibrillarin, strongly inhibitsfunction than earlier anticipated.
pre-rRNA methylation at nonpermissive temperature
(Tollervey et al., 1993).
Fibrillarin is an abundant phylogenetically conserved
Introduction nucleolar protein (Lapeyre et al., 1990; Jansen et al.,
1991; Aris and Blobel, 1991) that plays a fundamental
In eukaryotic cells, the nucleolus is a specialized com- role in all major posttranscriptional activities of ribosome
partment devoted to the biogenesis of cytoplasmic ribo- biogenesis, such as pre-rRNA processing, rRNA modifi-
somes. This complex process includes the transcription, cation, and ribosome assembly (Tollervey et al., 1991,
modification, processing, and assembly of rRNAs into 1993). Fibrillarin has been found to be associated with
ribosomal subunits (Hadjiolov, 1985; Woolford and War- a large number of small nucleolar ribonucleoprotein par-
ner, 1991; Eichler and Craig, 1995; Sollner-Webb et al., ticles (snoRNPs). Each snoRNP particle consists of a
1996). The 18S, 5.8S, and 25–28S rRNAs are synthesized set of proteins and a metabolically stable small nucleolar
by RNA polymerase I as a long precursor RNA (pre- RNA (snoRNA; reviewed by Fournier and Maxwell, 1993;
rRNA) that is later processed into mature rRNAs. Before Filipowicz and Kiss, 1993; Maxwell and Fournier, 1995;
processing, a number of U residues in the mature rRNA Sollner-Webb et al., 1996). Some of the fibrillarin-associ-
regions of pre-rRNA are converted to pseudouridines, ated snoRNPs have been demonstrated to participate
and numerous selected nucleotides are methylated at in the processing of pre-rRNA. The U3 snoRNA is re-
the 29-O-hydroxyl position (Maden, 1990; Eichler and quired for early cleavage within the 59 external tran-
Craig, 1995). scribed spacer (Kass et al., 1990; Hughes and Ares,
In vertebrates, each ribosome contains more than 100 1991; Mougey et al., 1993), and its depletion inhibits the
29-O-methyl groups, and apart from a few differences, accumulation of mature 18S rRNA both in yeast (Hughes
the locations of these modifications are highly con- and Ares, 1991) and Xenopus (Savino and Gerbi, 1990).
served (Maden, 1988, 1990). Yeast rRNAs, which contain Similarly, depletion of yeast U14 and Xenopus U22
only about 55 ribose-methylated nucleotides, share sev- snoRNAs impairs the processing of 18S rRNA (Li et al.,
eral common 29-O-methylation sites with human rRNAs 1990; Tycowski et al., 1994), while disruption of Xenopus
(Maden, 1990), indicating that these modifications may U8 snoRNA inhibits the processing of 5.8S and 28S
have a phylogenetically conserved function. Since the rRNAs (Peculis and Steitz, 1993).
29-O-methylated nucleotides are confined to the evolu- In vertebrates, all fibrillarin-associated snoRNAs con-
tionarily conserved core structure of rRNA, it is conceiv- tain two short conserved sequence motifs, called boxes
able that the hydrophobic property of methyl groups C and D, also found in many yeast fibrillarin–associated
might contribute to recognition or folding events crucial snoRNAs (Maxwell and Fournier, 1995; Sollner-Webb
et al., 1996). Interestingly, the C and D box–containingto the function of rRNA (Maden, 1990; Brimacombe et
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Figure 1. Characterization of Novel snoRNAs
(A) Strategy for the construction of a cDNA
library of snoRNAs processed from longer
RNAs. Small nucleolar RNAs obtained from
human HeLa cells were incubated with a
phosphorylated oligoribonucleotide (R) in the
presence of T4 RNA ligase. RNAs tagged at
both termini were amplified by reverse tran-
scription–PCR using primer P1 for reverse
transcription and primers P1 and P2 for PCR
amplification. The amplified fragments were
cloned into a plasmid vector, and individual
clones were analyzed by sequencing.
(B) Sequences of novel antisense snoRNAs.
Regions complementary to 18S or 28S rRNAs
are underlined. Boxes C, D9, and D are identi-
fied with bold lower-case letters, bold italics,
and bold capitals, respectively. Sequence
heterogeneity observed at the 39 termini of
U45a and U47 snoRNAs is in parenthesis. The
lengths of snoRNAs are indicated in brackets.
The sequence of U43, U44, U45a, U46, U47,
U55, U58a, U59, and U60 snoRNAs has been
confirmed by sequencing of at least two
cDNA clones obtained from independent
PCR reactions. The structures of other sno-
RNAs have been verified by RNase protection
experiments.
snoRNAs, with the exceptions of U3, U8, and U13 RNAs, necessary for maturation of these snoRNAs (Bachellerie
et al., 1995b; Caffarelli et al., 1996; Watkins et al., 1996).are processed from introns of pre-mRNAs (Maxwell and
Fournier, 1995; Tycowski et al., 1996), and they possess The most intriguing feature of the C and D box–
containing intronic snoRNAs is that the majority contain59-monophosphate and 39-OH termini (Kiss and Filipow-
icz, 1993; Tycowski et al., 1993). The C and D boxes long stretches of phylogenetically conserved perfect
complementarities to the universal core regions of ma-are essential for direct or indirect binding of fibrillarin
(Baserga and Steitz, 1991; Peculis and Steitz, 1994) and ture 18S or 25–28S rRNAs (Bachellerie et al., 1995a;
Steitz and Tycowski, 1995; Tycowski et al., 1996). Al-for accumulation of snoRNAs (Huanget al., 1992; Peculis
and Steitz, 1994). Together with the bound proteins, though the nucleolar function of these so-called anti-
sense snoRNAs is completely speculative, the recentthe C and D boxes form part of the processing signal
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demonstration that base pairing of yeast U3 (Beltrame respectively, of mouse gas5 growth arrest–specific
gene (Coccia et al., 1992; GenBank accession numberand Tollervey, 1995) and U14 (Liang and Fournier, 1995)
snoRNAs with pre-rRNA sequences is essential for pre- X67267). These five snoRNAs appear to represent novel
members of the family of intron-encoded snoRNAs. Ap-rRNA processing strongly supports the assumption that
antisense snoRNAs function also through direct Wat- parently, all the newly characterized snoRNAs result
from processing of longer RNAs, suggesting that theyson-Crick interactions.
In this report, characterization of 21 novel antisense are also intron-born RNAs. However, we cannot rule out
the possibility that somesnoRNAs may be released fromsnoRNAsand genetic depletion and reconstitution stud-
ies on yeast U24 snoRNA provide evidence that fibril- precursors different from pre-mRNA introns.
larin-associated antisense snoRNAs function as guide
RNAs in the site-specific ribose methylation of pre-
A Model for Involvement of AntisenserRNA. The snoRNA sequences complementary to
snoRNAs in Molecular RecognitionrRNAs, together with the D or D9 boxes, provide the
of 29-O-Methylation Sites on pre-RNAinformation necessary to select the target nucleotide for
Comparative analysis of the 21 newly identified and 14methylation, thereby making the reaction independent
previously characterized antisense snoRNAs have con-of consensus sequences or structural signals.
firmed several previously noted features of this class of
snoRNAs (see Figure 3A). Briefly, the antisense sno-
RNAs contain one or occasionally two (U14, U24, U45,Results
and U50) 10–21 nt sequences complementary to the
universal core regionsof mature rRNAs. These antisenseIdentification of New Antisense snoRNAs
from Human HeLa Cells elements are situated in proximity to either the 39 end or
in the 59 half of the snoRNA. Complementary sequencesIn hope of identifying novel antisense snoRNAs, we con-
structed a cDNA library of human intron-encoded sno- found in the 39 terminal region are always followed by
the D box sequence (Bachellerie et al., 1995a), whileRNAs (Figure 1A). A LiCl-soluble fraction of HeLa nu-
cleolar RNAs was incubated with a phosphorylated antisense sequences in the 59 half of the snoRNA are
always followed by a D box–like motif, called D9 boxoligoribonucleotide in the presence of T4 RNA ligase.
Since the reaction catalyzed by T4 RNA ligase requires (Tycowski et al., 1996), which frequently contains altered
nucleotides as compared to the authentic D box se-substrates with 59monophosphate and 39-OH termini
(England et al., 1980), only those RNAs which are pro- quence.
Closer inspection of the putative Watson-Crick inter-cessed from longer precursors (e.g., intronic snoRNAs
and 5.8S rRNA) would be tagged at both termini. The actions between antisense elements of the new sno-
RNAs and complementary rRNA sequences has re-“double-anchored RNAs” were amplified and cloned,
and individual clones weresubjected to sequence analy- vealed that each snoRNA, except U48 and U50 (see
below), selects an rRNA region that contains at leastses. The size and nucleolar localization of new snoRNAs
were verified by Northern blot analyses or RNase A/T1 one 29-O-methylated nucleotide (Figure 2A). In spite of
the fact that the length of the putative double helicesprotection experiments or both, using sequence-spe-
cific antisense RNA probes (data not shown). varies between 10 and 17 bp, the distance between the
D or D9 box of the snoRNA and the ribose-methylatedAmong several as yet not fully characterized RNAs
and some known snoRNAs (U14, U16, U17, U18, E3, nucleotide in the rRNA is invariant. In the snoRNA, the
fifth nucleotide upstream from the D or D9 box (withU26, U29, and U30), we identified 21 novel snoRNAs
which contain C and D boxes and possess the potential reference to the snoRNA polarity) is always facing a
methylated nucleotide in the rRNA sequence (Figureto form perfect duplexes of at least 10 bp with either 18S
or 28S rRNAs (Figure 1B). The new antisense snoRNAs 3B). The snoRNA–rRNA interactions proposed for the
previously characterized vertebrate and yeast U14, U18,(U41–U61) ranged in size from 60–98 nt, and apart from
box C and D motifs, they lacked significant sequence U20, and U24 and yeast snR38, snR39, and snR41 (re-
viewed by Bachellerie et al., 1995a), vertebrate U15 (Pel-similarity to any known RNAs. Many of the new snoRNAs
(U41–U49) were successfully retrieved from a HeLa nu- lizzoni et al., 1994), mammalian U25 and U27–U30 (Ty-
cowski et al., 1996), and vertebrate U16 and yeast snR40cleolar extract by immunoprecipitation with antibodies
directed against fibrillarin (data not shown). Since the C (this study) antisense snoRNAs further corroborate the
rule observed for the novel snoRNAs (see Figures 2Band D box motifs are common hallmarks of all metazoan
fibrillarin–associated snoRNAs (Maxwell and Fournier, and 2C).
The lack of 29-O-methylated nucleotides in the human1995; Tycowski et al., 1996), we assume that all new
snoRNAs are complexed with fibrillarin. 28S rRNA sequences selected by the U48, U50, U21,
U26, and U31 snoRNAs (Figures 2A and 2B) is probablyDatabase searches revealed that perfect copies of
U55, U46, and U59 snoRNAs were present in the first due to the fact that not all the 29-O-methyl groups have
been located on the human 28S rRNA (Maden, 1990).and second introns of human S8 ribosomal protein gene
(Davies and Fried, 1993; GenBank accession number Indeed, Xenopus 28S rRNA sequences homologous to
selected human 28S sequences are contained withinX67247)and in thesecond intron of human ATP synthase
b subunit gene (Neckelmann et al., 1989; GenBank ac- regions that include still unplaced Cm (U48)-, Gm (U31,
U21, U50)- and Am (U26)-methylated residues (Maden,cession number M27132), respectively. Furthermore,
sequences 90%–95% homologous to the U44 and U47 1990; see also legends, Figures 2A and 2B). Again, the
lack of 29-O-methyls at G2811 and G2394 in the yeastsnoRNAs have been found in the fifth and tenth introns,
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Figure 2. Potential Base-Pairing Interactions between Antisense snoRNAs and Mature rRNAs
(A) Potential interactions between novel antisense snoRNAs and human rRNAs. The upper strands represent the rRNA sequences in a 59
orientation. Positions of 29-O-methyl groups with invariant distance from the D or D’ boxes of snoRNAs are indicated by closed circles. Other
29-O-methyl groups are indicated by open circles. For snoRNA sequences and also for positions of the antisense elements, see Figure 1B.
Sequences and numbering of human 18S and 28S rRNAs were taken from the database (GenBank accession number U13369). Locations of
ribose-methylated nucleotides were obtained from Maden (1990). For U48 and U50 snoRNAs, please note that equivalent regions of Xenopus
28S rRNA between nucleotides 1317–1840 and 3360–3605 are known to contain an unplaced Cm and Gm residue, respectively (Maden, 1990).
(B) Distribution of ribose-methylated nucleotides in human rRNA sequences selected by potential complementary interactions with previously
characterized antisense snoRNAs. Sequences of human U14 (Dworniczak and Mirault, 1987), U15 (Tycowski et al., 1993), U16 (Fragapane et
al., 1993), U18 (Prislei et al., 1993), U20 (Nicoloso et al., 1994), U21 (Qu et al., 1994), U24 (Qu et al., 1995), and U25–U31 (Tycowski et al., 1996)
have been published. The snoRNA–rRNA interactions shown for U14 (Trinh-Rohlik and Maxwell, 1988), U15 (Pellizzoni et al., 1994), U18 (Prislei
et al., 1993), U20 (Nicoloso et al., 1994), U21 (Qu et al., 1994), U24 (Qu et al., 1995), and U25–U31 (Tycowski et al., 1996) have been previously
proposed. As concerning U21, U26, and U31 snoRNAs, please note that Xenopus 28S rRNA contains unplaced Gm, Am, and Gm residues
between 1063–1317, 1–847 and 2840–3360, respectively (Maden, 1990).
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Yeast U24 Antisense snoRNA Is Encoded
by a Nonessential Gene
According to our model (Figure 3B), yeast U24 snoRNA,
which contains two complementary regions to 25S
rRNA, should direct methyl group transfer to the ribose
moieties of C1436 and A1448 in the 25SrRNA (see Figure
2C). The single genomic copy of yeast U24 is located
within the intron region of a protein coding gene of un-
known function (EST, Expressed Sequence Tag; Qu et
al., 1995). To test the essentiality of U24 snoRNA, we
replaced the coding region of U24 and the first exon of
its host gene with the URA3 marker gene (Figure 4A).
Upon transformation of the disrupted allele of U24/EST
into a haploid Ura2 strain, Ura1 colonies were selected
and characterized. Southern blot analysis of genomic
DNA digested by the restriction endonuclease BglII
demonstrated that parental Ura2 cells retained the wild-Figure 3. Consensus Structure of Antisense snoRNAs and Interac-
type restriction fragment of the U24 locus, while in thetions with rRNAs
selected transformant Ura1 strain, a shorter band was(A) Consensus structure of human antisense snoRNAs. The structure
present, indicative of the interruption (Figure 4B). North-accommodates 14 previously characterized fibrillarin-associated
antisense snoRNAs (for references see Figure 2B) and 21 novel ern analyses demonstrated that expression of the U24
snoRNAs (Figure 1B). The lower-case letters under the consensus snoRNA (Figure 4C) and the mRNA of the U24 host gene
sequence indicate the occurrence and frequency of other nucleo- (see Figure 6C) was abolished in the Ura1 cells. The
tidesin these positions. Regions complementary to rRNAs are repre-
growth rate and accumulation of precursor and maturesented by thick lines. Note that only U14, U45, U50, and U24 sno-
rRNAs of the Ura1 cells was not significantly differentRNAs contain two complementary regions to rRNAs. The C and D
from those of parental Ura2 cells, indicating that theboxes of those snoRNAs that lack the potential to form a 59 terminal
stem are normally flanked by 4 and 2 nucleotides, respectively. In gene encoding U24 intronic snoRNA and its host pre-
snoRNAs that possess terminal stem structures, the C box is usually mRNA was dispensable in yeast (data not shown).
preceded by 5 nucleotides and the D box followed by 4 nucleotides.
(B) A model for the selection of 29-O-methylated nucleotides in rRNA
The U24/EST Locus Is Necessary forsequences by interaction with antisense snoRNAs. Location of the
Site-Specific Ribose Methylationtarget nucleotide for methyl group transfer is indicated by a circled
of 25S rRNAm. The first nucleotide preceding the D or D9 box of the snoRNA
frequently forms base-pairs with rRNA sequences. To test whether yeast U24 snoRNA is required for site-
specific ribose methylation of 25S rRNA at C1436 and
A1448, we compared the methylation patterns of 25S
25S rRNA sequences selected by snR38 and snR190 rRNAs obtained from control Ura2 cells that carry the
(Figure 2C) does not necessarily contradict our model, wild-type U24/EST locus and from Ura1 cells that pos-
since yeast 25S rRNA possesses a GGmG and a sess the disrupted allele. Location of ribose-methylated
GGGmG oligonucleotide also awaiting localization nucleotides was visualized by primer extension with re-
(Veldman et al., 1981). Hence, these snoRNAs may also verse transcriptase, using an appropriately positioned
fit into the rule found for the vast majority of antisense 32P-labeled deoxyoligonucleotide as a primer and par-
snoRNAs. tially alkali-hydrolyzed cellular RNAs as templates. Since
We have calculated that a 12 nt sequence (the average 29-O-methyl groups confer resistance to alkali (Smith
length of snoRNA–rRNA interactions) with an appropri- and Dunn, 1959; Maden and Salim,1974), ribose-methyl-
ately positioned methylated nucleotide should occur ated nucleotides appear in the ladder of extension prod-
less than three times in a random RNA sequence of ucts as “gaps,” indicating the positions of cleavage-
human genome size. This indicates that our finding that resistant phosphodiester bonds. For 25S rRNA derived
the 35 mammalian and 8 yeast antisense snoRNAs char- from the Ura2 strain, consistent with previous observa-
acterized so far possess the potential to delineate the tions (Veldman et al., 1981), three gaps were detected
position of 47 ribose-methylated nucleotides in the 18S for ribose-methylated C1436, A1448, and G1449 (Figure
and 25–28S rRNAs (see Figure 2) is statistically highly 5A, lane 6; see also Figure 6D, lane 5). In the case of
significant and strongly suggests that the C and D box– the control in vitro transcribed 25S RNA, these gaps
containing antisense snoRNAs are responsible for mo- were missing (Figure 5A, lane 5). Likewise, in 25S rRNA
lecular recognition of the 29-O-methylation sites that isolated from the Ura1 strain, the phosphodiester bonds
occupy diverse sequence and conformational environ- at C1436, A1448, and G1449 exhibited sensitivity to al-
kali treatment, indicating that the sugar moieties of thesements in pre-rRNA.
(C) Distribution of ribose-methylated nucleotides in yeast rRNA sequences complementary to yeast antisense snoRNAs. Sequences of U14
and snR190 (Zagorski et al., 1988), U24 (Qu et al., 1995), and U18, snR38–snR41 (Bachellerie et al., 1995a) snoRNAs have been obtained from
the literature. The sequence and methylation pattern of yeast 18S rRNA were taken from Bakin and Ofengand (1995). The sequence of yeast
25S rRNA and locations of sugar-methylated nucleotides were obtained from the database (GenBank accession number K01048) and from
Veldman et al. (1981), respectively.
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before the methylation sites and frequently “stuttering”
opposite the sugar-methylated nucleotides (Maden et
al., 1995). When 25S rRNA from the Ura2 strain was
analyzed by primer extension at low dNTP concentra-
tions, strong stops were observed before and opposite
to C1436, A1448, and G1449 (Figure 5B, lanes 6–8). In
contrast, with 25S rRNA of Ura1 origin, no blockage of
transcription was detected under the same conditions
(lanes 9–11). Methylation of 25S rRNA in the Ura1 strain
was not affected at other positions tested, such as
A2218, A2255, A2279, A2280 (Figure 5C) and A648,
C649, C662 (a newly mapped methylation), G804, A806,
A906, C2196 (data not shown), demonstrating that the
observed blockage of rRNA methylation was confined
to regions of the 25S rRNA that had the potential to
base-pair with antisense elements of U24 snoRNA.
Expression of U24 snoRNA Restores
Methylation of 25S RNA
The experiments presented thus far demonstrate that
the yeast U24/EST locus is required for methylation of
the 25S rRNA at C1436, A1448, and, unexpectedly, at
G1449 (see Discussion). Although these observations
are consistent with a model in which direct base-pairing
exists between U24 snoRNA and the complementary
sequences of 25S rRNA, they do not rule out thepossibil-
ity that defective rRNA methylation in the Ura1 strain is
due to the loss of a functional U24 host gene rather than
the lack of U24 snoRNA. To eliminate this possibility,
we attempted to restore the methylation of 25S rRNA
by expressing U24 snoRNA in theUra1 strain. The coding
region of U24 was inserted into the intron region of the
yeast actin gene, which was flanked by the promoter
Figure 4. Disruption Analysis of Yeast U24/EST Locus and terminator of the yeast alcohol dehydrogenase
(A) Strategy used to construct the gene disruption of yeast U24/ (ADCI) gene (Figure 6A). Upon transformation of the
EST. The structure of the wild-type and disrupted alleles of U24/ ACTU24 expression construct into the Ura1 strain, U24
EST with the relevant restriction sites (Bg, BglII; Xb, XbaI; Xm, XmnI;
RNA was efficiently processed from the actin pre-mRNAB, BamHI) are shown. The XmnI–BglII fragment of the wild-type
(Figure 6B, lane 3), yielding an RNA identical in size toallele, containing the first exon of the U24/EST gene and the coding
the authentic U24 RNA (lane 1). This demonstrates thatregion of U24 intronic snoRNA, was replaced with the URA3 marker
gene. The orientation of the URA3 gene is indicated by an arrow. yeast U24 intronic snoRNA, like mammalian intronic
Our cloning strategy created a new BglII site at the 39 terminus of snoRNAs (Kiss and Filipowicz, 1995; Kiss et al., 1996),
the URA3 cassette, while the BglII site at the 59 terminus of the URA3
can be processed from a nonhost pre-mRNA as well. Itgene was destroyed. The position of the probe used for Southern
is noteworthy that the actin pre-mRNA carrying U24 wasanalyses is indicated.
also efficiently and correctly spliced (data not shown).(B) Southern blot analysis of U24 gene disruption. DNA extracted
from the CMY133 Ura2 strain, which contains the wild-type allele of As a control, a cDNA version of the U24 host gene (EST)
the U24 gene (lane 1) or from the selected Ura1 strain (lane 2) was was placed under the control of its own regulatory ele-
digested with BglII and probed with the radiolabeled XbaI–XmnI ments (Figure 6A) and was used to restore the expres-
fragment of the U24/EST locus. The electrophoretic mobility of the
sion of EST mRNA in the Ura1 cells (Figure 6C, lane 5).hybridizing fragments corresponds to the expected 880 and 598 bp
We compared the methylation patterns of 25S rRNAsBglII fragments of the wild-type and disrupted alleles of U24/EST,
respectively. Lane M, size markers (BstEII-digested l DNA). isolated from the Ura1 strain and its derivative strains,
(C) Northern blot analysis of U24 snoRNA. Cellular RNA obtained Ura1/ACTU24 and Ura1/cEST (Figure 6D). Clearly, the
from the Ura2 strain (lane 1) or from the Ura1 strain (lane 2) was 25S rRNA obtained from the Ura1/ACTU24 strain (lane
separated by 8% urea–polyacrylamide gel electrophoresis and
8) shows a hydrolysis pattern identical to the controlprobed with a radiolabeled U24-specific antisense RNA. Lane M,
wild-type 25S rRNA (lane 5) indicating that the expres-size markers (HaeIII and TaqI-digested pBR322).
sion of U24 snoRNA restored correct sugar methylation
of the 25S rRNA at nucleotides C1436, A1448, and
G1449. On the contrary, expression of the host genenucleotides were not methylated (Figure 5A, lane 7; see
mRNA in the Ura1/cEST strain had no effect on 25Salso Figure 6D, lane 6).
rRNA methylation (lane 7). These results demonstrateIn primer extension reactions performed at low dNTP
that the U24 snoRNA, rather than the protein productconcentrations, the 29-O-methylated nucleotides in the
of its host gene, plays a fundamental role in the site-template RNA interfere with the normal passage of re-
verse transcriptase and resulted in stops one nucleotide specific ribose methylation of yeast 25S rRNA.
Antisense snoRNAs and Ribose Methylation of Pre-rRNA
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Figure 5. Primer Extension Analysis of Ribose Methylations of Yeast 25S rRNA
(A) In vitro transcribed 25S rRNA (lane 5) and cellular RNA isolated from the Ura2 (lane 6) or Ura1 (lane 7) strain were subjected to partial
alkaline hydrolysis. A 32P-labeled oligodeoxynucleotide complementary to nucleotides 1458–1477 of yeast 25S rRNA was annealed to each
RNA sample and extended with AMV reverse transcriptase. Lanes G, A, T, and C represent dideoxy sequencing reactions using the same
oligonucleotide as a primer and pRIB25S as a template. The extension products were resolved by electrophoresis in an 8% sequencing gel.
(B) Primer extension mapping of the ribose methylations in 25S rRNA obtained from Ura2 (lanes 6–8) and Ura1 (lanes 9–11) strains. A 32P-labeled
primer (see legend to panel A) was extended in the presence of decreasing concentrations of dNTPs (1.0, 0.04, and 0.004 mM). The L25S
hydrolysis ladder was generated by primer extension performed on an in vitro transcribed partially hydrolyzed yeast 25S rRNA. Lanes G, A,
T, and C represent sequencing ladders.
(C) Mapping of ribose methylations in 25S rRNA obtained from Ura2 (lanes 5, 6 and 9) and Ura1 (lanes 7, 8 and 10) cells. Concentrations of
the dNTPs are indicated above the lanes. A 32P-labeled primer (P11) complementary to nucleotides 2285 to 2304 of yeast 25S rRNA was used
for primer extension mapping of methylated nucleotides in a region of 25S rRNA which has no complementarity to U24 snoRNA. The sequencing
ladders (G, A, T and C) were generating by the inclusion of dideoxynucleotides into the reverse transcriptase reaction mixture.
Position of the D Box in the U24–25S Interaction Comparison of growth characteristics of the Ura2 and
Ura1 strains revealed that lack of 29-O-methyl groupsDetermines the Nucleotide to Be Methylated
The conserved location of methylated nucleotides rela- at C1436, A1448, and G1449 in the 25S rRNA had no
significant effect on the viability of yeast cells (seetive to the D or D9 boxes of antisense snoRNAs strongly
suggests that the position of D and D9 elements in the above). However, to our surprise, the doubling time of
the Ura1/ACTU24m cells, as compared with the Ura1/snoRNA–rRNA interaction plays an important role in the
selection of the target nucleotide for the methyltransfer ACT and Ura1/ACTU24 strains, was significantly in-
creased, by more than 30%. Since the accumulationreaction (see Figures 2 and 3). To test this assumption,
we deleted a C residue at position 80 from the down- of precursor and mature rRNAs showed no significant
alteration in any of these cell lines (data not shown), westream antisense element of yeast U24 snoRNA (Figure
6A). The resulting U24m snoRNA was still capable of concluded that the inaccurate ribose modification of the
25S rRNA was responsible for the impaired growth offorming base pairs with the same region of the 25S
rRNA. However, in the new U24m–25S rRNA interac- Ura1/ACTU24m cells.
tion, the D box was shifted one nucleotide downstream
of the 25S rRNA sequence. The U24m was inserted into Discussion
the intron of the yeast actin gene and expressed in
the Ura1 strain (Figure 6B, lane 4), and the methylation Several examples of fibrillarin-associated snoRNAs with
extensive sequence complementarities tomature rRNAspattern of 25S rRNA obtained from transformed Ura1/
ACTU24m cells was determined (Figure 6D, lane 9). The have been reported from vertebrates and yeast. The
nucleolar function of these antisense snoRNAs has thusU24m snoRNA, like wild-type U24 (lane 8), rescued the
correct methylation of 25S rRNA at A1448 and G1449. far remained conjectural (Maxwell and Fournier, 1995;
Bachellerie et al., 1995a; Steitz and Tycowski, 1995).However, no methylation was detected for C1436. In-
stead, a novel sugar methylation appeared one nucleo- Characterization of 21 novel human antisense snoRNAs
and closer inspection of previously identified C and Dtide downstream from C1436 at U1437, demonstrating
that the position of the D box in the snoRNA–rRNA inter- box–containing intronic snoRNAs revealed a model ac-
counting for the involvement of this class of snoRNAsaction determined the nucleotide to be methylated.
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Figure 6. Expression of U24 snoRNA in the Ura1 Yeast Strain Restores Methylation of the 25S rRNA
(A) Schematic representation of expression constructs. The relevant restriction sites are indicated (Xm, XmnI; Bg, BglII; Bs, BsaI; Pm, PmeI;
B, BamHI; H, HindIII; X, XhoI). To create cEST, the BglII–BsaI internal fragment of the U24/EST gene containing parts of exon 1 and exon 2
and the full-length intron with the coding region of U24 was replaced by a PCR–amplified fragment of the EST mRNA. The positions of the
primers (P9 and P10) used for reverse transcription–PCR are indicated. To obtain ACTU24, the coding region of U24 snoRNA was inserted
into the intron region of the yeast actin gene placed under the control of the yeast ADH promoter (ADH-P) and terminator (ADH-T). In the
ACTU24m construct, the sequence of U24 RNA carries a C80 deletion. The potential base-pairs of U24 and U24m RNAs with the 25S rRNA
are shown. In the 25S rRNA sequence, the C1436 residue that is methylated in the presence of wild-type U24 snoRNA is circled, and the
U1437 residue expected to be methylated by mutant U24m snoRNA is underlined.
(B) Northern analyses of the expression of U24 and U24m snoRNAs. Cellular RNAs obtained from the parental Ura2 strain (lane 1) and from
derivatives of the Ura1 strain transformed with either the cEST (lane 2), ACTU24 (lane 3), or ACTU24m (lane 4) expression constructs were
probed with a U24-specific probe. For other details, see legend to Figure 4C.
(C) Accumulation of mRNA product of the U24/EST gene. Cellular RNAs obtained from the parental Ura2 strain (lane 1), from the Ura1 strain
(lane 2), and from the derivatives of the Ura1 strain transformed with either the ACTU24 (lane 3), ACTU24m (lane 4), or cEST (lane 5) were
analyzed by Northern blot. RNA size markers are indicated.
(D) Primer extension analysis of ribose methylations. Partially hydrolyzed cellular RNAs from the Ura2 strain (lane 5), the Ura1 strain (lane 6),
and from its derivatives transformed with either the cEST (lane 7), ACTU24 (lane 8), or ACTU24m (lane 9) expression constructs were analyzed
by primer extension. For other details see legend to Figure 5A.
in molecular recognition of the 29-O-methylation sites snoRNA. As predicted by the proposed model, removal
of the U24 snoRNAspecifically abolished the 29-O-meth-in rRNAs (Figures 3B). According to this model, the RNA
doublehelix formedby the antisense element of snoRNA ylation of 25S rRNA at C1436, A1448, and, unexpectedly,
at G1449 (Figures 5A and 5B). The methylation of otherand the complementary sequence of the rRNA is fol-
lowed by the D or D9 box of the snoRNA. A nucleotide nucleotides on the 25S rRNA was not affected (Figure
5C). Expression of yeast U24 snoRNA in U24-depletedin the rRNA sequence, which is located in the snoRNA–
rRNA helix opposite to the fifth nucleotide upstream cells restored the correct methylation of the 25S rRNA,
proving that the deficiency of ribose methylation wasfrom the D or D9 box of the snoRNA, is selected for
ribose methylation. This model is consistent with all due to the lack of U24 snoRNA (Figure 6). Finally, shifting
the position of the D box in the U24–25S interactionknown facts regarding antisense snoRNAs and the loca-
tion of ribose-methylated nucleotides both in vertebrate one nucleotide downstream of the rRNA sequence also
shifted the specificity of the methyl transfer reactionand yeast rRNAs.
The model has been verified by genetic depletion and one nucleotide downstream from the original wild-type
methylation site. These results demonstrate that thereconstitution experiments on yeast U24 antisense
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yeast U24 snoRNA and probably all C and D box– Several considerations suggest that ribose methyla-
tion of pre-rRNA may not be the only function of sno-containing antisense snoRNAs function as guide RNAs
RNAs that contains long complementary sequences toin the ribose methylation of pre-rRNA.
rRNAs. In principle, antisense snoRNAs could also sus-The observed role of yeast U24 snoRNA in the methyl-
pend alternative nonproductive folding events and facili-ation of G1449, in addition to the predicted A1448, is
tate the formation of the accurate geometry of pre-rRNArather unexpected, since the former nucleotide is lo-
(Maxwell and Fournier, 1995; Bachellerie et al., 1995a;cated one nucleotide downstream from the consensus
Steitz and Tycowski, 1995; Liang and Fournier, 1995).position of 29-O-methylated nucleotides (Figure 2C). It
For example, a direct interaction between a conservedseems unlikely that the nonconsensus sequence of the
region of yeast U14 snoRNA, called domain A, and theD9 box (CAGA) of U24 would be responsible for the
18S rRNA is essential for the production of functionalselection of G1449, since D9 boxes with identical se-
18S rRNA (Liang and Fournier, 1995). Since the 18Squences are present in U43 and U49 snoRNAs as well
rRNA sequence selected by the A domain of U14(Figures 1B and 2A). Of course, we cannot exclude the
snoRNA lacks modified nucleotides, the A domain maypossibility that another so far unidentified snoRNA work-
function as an essential modulator of rRNA folding (Li-ing in concert with U24 is responsible for the ribose
ang and Fournier, 1995). Interestingly, human U13methylation of G1449. It is also conceivable that the
snoRNA has the potential to interact with the two con-methylation of A1448 directed by U24 snoRNA is re-
secutive regions of the 39 terminal domain of 18S rRNAquired for the recognition of G1449 by a site-specific
that contain no ribose-methylated nucleotides (Bachel-methyltransferase. Interestingly, the equivalent region
lerie et al.,1995a). However, the functional importance ofof mammalian 28S rRNAs, which carries three rather
these putative interactions, if any, remains to be tested.than two consecutive methylated nucleotides (AmGm
Considering that vertebrate rRNAs carry more thanCm), has been successfully methylated in vitro at all
100 29-O-methyl groups (Maden, 1988, Maden, 1990), itthree positions by a partially purified methyltransferase
seems reasonable to place the number of vertebrateenzyme (Segal and Eichler, 1991; Eichler, 1994). It would
antisense snoRNAs between 80 and 90, since somebe interesting to test whether mammalian U24 snoRNA,
snoRNAs possess two antisense elements and a fewwhich has the potential to select the vertebrate-specific
nucleotides may be methylated by site-specific 29-O-Cm residue for methylation (Figure 2B), is required for
methyltransferases. The population of yeast antisensethe in vivo methylation of 28S rRNA.
snoRNAs would be predicted to be less complex, sinceThe notion that fibrillarin-associated antisense sno-
only about 55 sugar-methylated nucleotides are presentRNAs function in site-specific ribose methylation of pre-
in yeast rRNAs (Maden et al., 1995). This strongly sug-rRNA raises many questions. Do the snoRNAs partici-
gests that the complexity of eukaryotic fibrillarin-associ-pate in the methyltransfer reaction only as guide RNAs
ated snoRNPs far exceeds our previous expectationswhich provide scaffolding for proteins, or do they also
(Tyc and Steitz, 1989; Maxwell and Fournier, 1995).provide catalytic activity? It is apparent from our results
Moreover, recent characterization of vertebrate U22that the antisense snoRNAs contain all the information
snoRNA (Tycowski et al., 1994) and three novel humannecessary to determine the position of 29-O-methylated
snoRNAs (Z. K.-L. and T. K., unpublished data) demon-nucleotides and that the antisense element and D/D9
strates that, in addition to the antisense snoRNAs, aboxes are essential for this function. We can envisage
group of fibrillarin-associated intronic snoRNAs existsthat the C box and perhaps other unidentified elements
which lack long complementarities to rRNAs.may also contribute to the function of antisense sno-
Finally, the demonstration that 29-O-methyl groupsRNAs. Unfortunately, little is known about the protein
can be specifically eliminated from the rRNA by deple-
components of the antisense snoRNPs. A thermosensi-
tion of the corresponding guide snoRNA and that novel
tive mutation in the yeast fibrillarin (NOP1), the only
29-O-methyls can be introduced by manipulating the
known protein complexed with antisense snoRNPs,
antisense elements of snoRNAs may open new possibili-
greatly inhibits the overall sugar methylation of yeast ties for studying the function of methylated nucleotides
rRNAs (Tollervey et al., 1993). Since fibrillarin is known in rRNAs. Yeast cells lacking 29-O-methyl groups at
to be associated with nonantisense snoRNAs as well C1436, A1448, and G1449 in the 25S rRNA have growth
(Maxwell and Fournier, 1995), it seems unlikely that it characteristics similar to those of wild-type cells. Since
would be directly involved in rRNA methylation or in these modifications are evolutionarily conserved be-
interactions with putative methyltransferases. Rather, it tween yeast and human, it seems likely that they pos-
is imaginable that fibrillarin may adjust the conformation sess fine-tuning functions in some processes that can
of the antisense snoRNP or the snoRNP–rRNA complex, occur in their absence, albeit presumably with slightly
thereby making them competent for the docking of reduced speed or fidelity. Interestingly, introduction of
methyltransferase activity. Whether the snoRNP itself a novel 29-O-methyl group into the yeast 25S rRNA at
carries the 29-O-methyltransferase activity or the U1437 (Figure 6), although it did not influence the accu-
snoRNP–rRNA interaction creates a binding site for the mulation of mature rRNAs, significantly reduced the
enzyme remains to be determined. Of course, there are growth rate of yeast cells. This observation, although
many other challenging questions for the future. What difficult to interpret at this time, supports the assumption
is the temporal sequence of pre-rRNA methylation? that the 29-O-methyl groups may make important contri-
What is the order of the separation of antisense butions to the correct folding or recognition of rRNAs
snoRNPs from pre-rRNA? Are nucleolar helicase activi- (Maden, 1990; Brimacombe et al., 1993; Lane et al.,
1995).ties required to release antisense snoRNAs?
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Construction of Expression PlasmidsIn the nucleus of eukaryotic cells, posttranscriptional
for Yeast Transformationmaturation of pre-mRNA, pre-rRNA, and pre-tRNA is
The BamHI fragment of pBA3 (Domdey et al., 1984), which containsmediated by a large number of snRNPs (Baserga and
the promoter region of the yeast alcohol dehydrogenase (ADCI)
Steitz, 1993). These snRNPs are involved in either site- gene and the 544 bp Alu–Alu fragment from the yeast actin gene
specific hydrolyses or transesterification of phospho- followed by the ADCI terminator with a polyadenylation site, was
inserted into the BamHI site of pFL45 yeast shuttle vector (Bonneauddiester bonds in the substrate RNAs. This report repre-
et al., 1991), resulting in pFL45/ACT. To obtain pFL45/ACTU24, thesents a unique demonstration that snRNP particles
coding region of yeast U24 snoRNA was PCR–amplified with primerfunction in covalent modification of the ribose moieties
P6 (59 end-specific), using a recombinant plasmid carrying the yeastof ribonucleotides, indicating that snRNPs participate
U24 locus as a template (Qu et al., 1995). The amplified fragment
in a more diverse array of RNA processing reactions containing the U24 coding region and 5 bp and 3 bp of upstream
than has been previously anticipated. and downstream sequences was inserted into the XhoI site of
pFL45/ACT (located in the intron of the actin gene at position 62,
numbering from the 59 splice site) utilizing the PCR–introduced XhoI
Experimental Procedures sites. A similar approach was used to create pFL45/ACTU24m, ex-
cept that primer P8 was used as a 39 end-specific primer. Utilization
of this primer resulted in deletion of a C residue in the coding region
General Procedures of U24 at position 80. To express the mRNA encoded by the EST
Unless stated otherwise, all techniques used for manipulating DNA, host gene of U24 intronic snoRNA, a 2217 bp fragment of the U24
RNA, and oligonucleotides and for cloning and amplification of DNA locus generated by PmeI and partial XmnI digestion was inserted
fragments were performed according to standard procedures (Sam- into the EcoRV site of pBluescribe (KS), creating pFH2. An internal
brook et al., 1989). The identity of all construction was verified by fragment of the EST mRNA encompassing the splice junction site
sequence analysis. Standard Saccharomycescerevisiae growth and and the BglII and BsaI sites in exon 1 and exon 2, respectively, was
handling techniques were employed (Sherman, 1991). The following amplified by reverse transcription–PCR, using P9 and P10 oligonu-
oligonucleotides were used in this study: R, AAUAAAGCGGCCGCG cleotides as primers. The 650 bp amplified cDNA fragment cut with
GAUCCAA; P1, TTGGATCCGCGGCCGCTTTAT; P2, AATAAAGCGG BglII and BsaI was used to replace the 920 bp BglII–BsaI fragment
CCGCGGATCCAA; P3, ACTTCAGTCTTCAAAGTTCTC; P4, CCTCTC of the pFH2 containing parts of exons 1 and 2 and the full-length
GAGTAGGCAGGCGTGGAG; P5, GTCTTCAAAGTTCTCATTTG; P6, intron of the EST gene, resulting in pFH7. The cEST expression
ATACTCGAGCCATTCAAATGATGTAA; P7, ATACTCGAGCCATTCA cassette was recovered from pFH7 by utilizing the EcoRI–HindIII
TCAGAGATCTTGG; P8, ATACTCGAGCCATTCATCAGAATCTTG restriction sites of the pBluescribe vector and was reinserted into
GTG; P9, GATCTCCTGGAGTTGACTG; P10, GTTTGACCGTCAGCAG identical sites of the single copy number yeast shuttle vector pFL39
ACC; P11, CGTCACTAATTAGATGACGA. (Bonneaud et al., 1991), creating pFL39/cEST. Transformation of
the CMY133 yeast strain, which contains a trp-1 mutation, allowed
selection of strains carrying pFL45/ACTU24, pFL45/ACTU24m, and
Construction of a cDNA Library of Human
pFL39/cEST.
Intronic snoRNAs
A sample of LiCl-soluble small RNAs (0.5 mg), obtained from a nucle-
Southern and Northern Blot Analysesolar fraction of human HeLa cells (Tyc and Steitz, 1989), was incu-
Yeast cellular DNA (10 mg) was digested with restriction endonucle-bated with 60 pmol of 59 end-phosphorylated oligoribonucleotide
ase BglII and fractionated on a 0.8% agarose gel. For Northern(R) in the presence of 12 U of T4 RNA ligase (Boehringer) under
analyses, 10 mg of cellular RNA was separated on either an 8%conditions described by England et al. (1980). The ligation product
sequencing gel or a 1% agarose–formaldehyde gel. The size-frac-was used as a template for synthesis of cDNA, using AMV reverse
tionated nucleic acids were electroblotted onto a Hybond-N mem-transcriptase (Boehringer) and an oligodeoxynucleotide (P1) com-
brane (Amersham). The Southern blots were probed with the 330plementary to oligo R as a primer. The resulting cDNA served as a
bp Xba–XmnI fragment of pFH4 radiolabeled by random priming.template for polymerase chain reaction (PCR) amplification by Pfu
EST mRNAs were probed with the kinased EST-specific oligo P10.polymerase (Stratagene), using oligo P1 and oligo P2 as primers.
To obtain a U24-specific probe, the coding region of U24 RNA fromThe latter represents the oligodeoxynucleotide form of oligo R. The
pFL45/ACTU24 was subcloned into the XhoIsite of pBluescribe. Theamplified DNA was cloned using the PCR–introduced BamHI sites
resulting recombinant plasmid was used as a template to generateinto pBluescribe (Stratagene), and individual clones were subjected
internally labeled antisense U24 RNA by T7 RNA polymerase (Good-to sequence analyses. More than 70% of the recombinant plasmids
all et al., 1990).carried snoRNA–specific sequences and as expected, the rest of
the clones contained cDNAs of 5.8S rRNA (less than 20%) and
Mapping of Ribose Methylations by Primer Extensionfragments of 5S, 18S, and 28S rRNAs (greater than 5%).
To generate a template for in vitro transcription of 25S rRNA, a 121
bp fragment of yeast 25S rRNA from position 1363 to 1483 was
PCR–amplified by reverse transcription–PCR using oligos P3 andConstruction of a Yeast Strain with an Inactive U24 Gene
Cloning of a 6 kb EcoRI genomic fragment of yeast S. cerevisiae P4 as primers. Amplified DNA was cloned into the XhoI–SmaI sites
of pBluescript, resulting in pRIB25SFR. In vitro synthesis of yeastthat carries the single genomic copy of U24 intronic snoRNA and
its host gene (EST) has been reported previously (Qu et al., 1995). 25S rRNA fragment was carried out as described by Goodall et al.
(1990), using T3 RNA polymerase and BamHI-linearized pRIB25SFRA 2.1 kb Xba–BamHI fragment containing the full-length U24/EST
gene and 440 bp upstream– and 460 bp downstream–flanking se- as a template. For partial alkaline hydrolysis, concentration of yeast
total RNAs or in vitro transcribed 25S rRNA was adjusted to 0.5 mg/quences was subcloned into the identical sites of pBluescript (KS)
(Stratagene), resulting in pFH4 (for restriction map, see Figure 4A). ml in 50 mM Na2CO3 (pH 9.0). The hydrolysis was carried out by
incubation for 4 min at 908C, and the partially degraded RNA wasThe 800 bp XmnI–BglII fragment of pFH4, carrying the first exon
and part of the promoter region of the EST gene and the full-length recovered by ethanol precipitation. Primer extension analyses of 10
mg of partially hydrolyzed or 5 mg of intact yeast RNA or 0.25 mg ofU24 gene, was replaced with a 1.2 kb BglII fragment bearing the
URA3 gene. The BglII sites of the URA3 cassette and pFH4 were in vitro transcribed RNA were performed as follows. Unless stated
otherwise, about 1 pM of 59 end-labeled P6 primer, an oligonucleo-filled in with Klenow polymerase. In the new construct, called pFH6,
the blunt end ligation created a new BglII site at the XmnI–BglII tide complementary to yeast 25S rRNA between positions 1458 and
1477, was annealed to RNA samples at 558C for 5 min. The primerjunction, while other BglII sites were destroyed. A 2.4 kb Xba–BamHI
fragment of pFH6, carrying the disrupted U24 gene, was purified extension reaction was carried out in 50 mM Tris–Cl (pH 8.0), 25
mM KCl, 5 mM MgCl2, 5 mM dithiothreitol, 0.05 mg/ml gelatin in theand used to transform the haploid Ura2 yeast strain, CMY133 (a,
trp1.D, his3.D, ura 3.52, lys2.801, ade2.101). presence of 360 U/ml AMV reverse transcriptase and, unless stated
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otherwise, 1 mM dNTPs at 438C for 30 min. The extension products Abelson, J. (1984). Lariat structures are in vivo intermediates in yeast
pre-mRNA splicing. Cell 39, 611–621.were resolved by electrophoresis in an 8% sequencing gel.
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